Vocalizations of blue whales were recorded by a cabled hydrophone array at Pioneer Seamount, 50 miles off the California coast. Most calls occurred in repeated sequences of two-call pairs (A, then B) . The B call is a frequency-modulated tone highly repeatable in form and pitch. A model of this sound is described which permits detecting very small frequency shifts. B calls are found to be aligned in frequency to about one part in 180.
I. INTRODUCTION
The vocalizing of the blue whale (Balaenoptera musculus) off the California coast has been studied by many researchers (Calambokidis et al., 2002a; Rivers, 1997; Clark and Fistrup, 1997; Stafford et al., 1998 Stafford et al., , 2001 McDonald et al., 2001; Lagerquist et al., 2000; Oleson et al., 2007) .
The most common pattern of vocalization consists of an alternation of two distinct calls, the "A" call and the "B" call. This repetitive sequence of calls is sometimes referred to as "song" (Thompson and Friedl, 1982) , and has been associated with "fast traveling," as opposed to feeding or other behavior not involving directed travel (Calambokidis et al., 2002b; Oleson et al., 2007) . The A call consists of a series of pulses, with power peaking near 15 and 90 Hz. The B call has been described as a "moan," and consists of a frequency-modulated tone with fundamental near 16 Hz and a rich harmonic structure, descending in frequency throughout the call. Whales calling in a given season are observed to synchronize their calls in frequency [Rivers, 1997; Stafford et al., 2001] ; however, this collective calling frequency has been decreasing steadily over the last 40 years (Oleson et al., 2007; Hildebrand et al., 2001) .
The blue-whale calls analyzed in this paper were recorded with a hydrophone array on Pioneer Seamount, with data spread over two calendar years. We used a standard algorithm for automatic identification of B calls. We then carried out an analysis especially designed for a signal which maintains phase coherence throughout, permitting us to make very precise frequency comparisons between calls. We find the frequency shift from call to call, and from one whale to another, to be very small (less than 0.1 Hz). This is near the level of precision needed to separate sounds shifted in frequency by the Doppler shift due to the whale's motion from the general background of whale calls.
II. Instrumental Details
We have analyzed acoustic recordings from the Pioneer Seamount Underwater Observatory, established in 2001 by NOAA, the Pacific Marine Environmental Laboratory (PMEL) and San Francisco State University (SFSU) (Matsumoto et al., 2003) . A vertical array of four hydrophones is anchored at a point near the summit of Pioneer Seamount, at 36°21.2' N, 123°26.1' W, 998 m below sea level (see Figure 1 ).
The hydrophones are spaced 30 m apart, with the lowest 10 m above the anchor. The four hydrophone signals were transmitted to shore via a marine communications cable.
On land (on the site of the Pillar Point Air Force Station) the four signals were digitized showing the hydrophone array and the approximate route of the cable to shore (graphic courtesy of NOAA PMEL Vents Program -see Matsumoto et al., 2003) .
at 1000 Hz, and transmitted via the internet to PMEL. There the data were made publicly available in near real time (Matsumoto et al., 2003) .
The active time of the array covered two time periods, Sept. 1 to Nov. 14, 2001, and April 13 to Sept. 26, 2002 . The cable is presently out of service, having apparently been damaged in September 2002, possibly by fishing activity.
III. DATA ANALYSIS
The sound files were downloaded to SFSU, and spectrograms (time vs frequency plots)
were made. A sampling of the spectrograms was scanned for whale calls, ship sounds, and other prominent features. Figure 2 shows one such plot, including part of one of the clearer blue-whale calling sequences. The B call is seen as a slowly descending frequency band, with prominent first and third harmonics in this sequence. The presence of the first harmonic (the fundamental) was the most consistent throughout our data set, and we only analyzed the frequency content of the fundamental. The interval between A-B calling pairs is about 130 seconds (Oleson et al., 2007) . It is common to see more than one such calling sequence present at the same time.
To automate the data collection, a matched-filter computer algorithm (Stafford et al., 1995; Mellinger et al., 2004) was developed to recognize blue-whale B calls. Here a replica of the central part of the waveform (the "kernel") is cross-correlated with the hydrophone signal, with the cross-correlation function constituting the output of the filter.
The replica r(t) which we used models the fundamental harmonic of the B call, with the frequency slowly decreasing at a constant rate. The functional form is
The frequency is related to the phase φ(t) by shows the fundamental of one B call on an expanded scale.
Here f 0 is the central frequency of the signal, α is the rate of decrease of the frequency, and T is the duration of the signal. For the results reported here we used T = 6 seconds, f 0 = 16.0 Hz, and α = 0.045 Hz/sec, values chosen by trial and error to maximize the signalto-noise ratio.
Before carrying out the cross-correlation, we filtered the data to remove certain kinds of noise which gave false detections of B calls. The main source of such disturbances was a recurring electronic artifact which produced a very short high-amplitude transient (a The efficiency of detection was high, as much as 85%, for strong calls, presumably from a calling individual close to the array. Most calls came from more distant whales, with a large background of weak calls which could not be assigned to definite calling sequences, making it impossible to determine an overall detection efficiency. However, the principle result of our analysis, the accurate synchronization of calling frequency, does not depend on the detection efficiency, nor is it affected by a small fraction of false detections due to noise.
In the next step of the analysis, we carried out a least-squares fit to each waveform, using just the central part where the signal is strongest and the frequency variation most uniform. A 30-second time series centered on the trigger time was band-pass filtered (10 to 20 Hz) to select the fundamental harmonic, then rectified and smoothed to give a signal envelope e(t) which followed the peaks of the sinusoidal sound wave. The determination of the center of the call is essential to our analysis, as the frequency is a downward-trending function of time during the B call. We determined this time t 0 as follows. A Gaussian pre-fit was made to the envelope over the initial 30-second time interval. The results of this fit were used to select a central region of the call, and a final 
where ( )
with the parameters ϕ 0 , f 0 , and α determined by the fit. As discussed above in reference to the matched filter, this parameterization describes a tone which is swept downwards in frequency at a constant rate α. Since the envelope e(t) was determined separately for each call from the measured waveform, the information used in the fit is effectively just the phase of the oscillation and not the amplitude.
The parameters ϕ 0 , f 0 , and α were determined from a 6-second time series centered at t 0 .
The length of the interval was chosen by studying the detailed agreement of the fitted waveform with the data, so that the model of frequency swept at a constant rate gave an accurate fit to the waveform throughout. This 6-second time series comprises about 100 cycles of the waveform, and the chi-squared for the fit has many false local minima, corresponding to frequencies where the fit matches part, but not all, of the waveform. In order to converge to the absolute chi-squared minimum, a series of fits was carried out, with the duration T of the fitted waveform progressively increasing. The initial values for the first fit were f 0 = 16.00 Hz, α = 0.045 Hz/sec, with ϕ 0 estimated so as to match the phase of the signal near t = t 0 . The duration and initial values for the series of fits are given in Table I . Figure 3 shows the result of the final fit (number 5) for one strong, clear B call. The frequency-modulated sine wave from the fit follows the time series in detail over the full 6-second interval used in the fit. This is illustrated on an expanded scale in the upper inset of figure 3 , where the fitted function and the data are seen to be almost indistinguishable. It should be emphasized that this is quite a different procedure from a fit to features on a spectrogram, which does not exploit the phase coherence of the signal over its full length.
The sequence of fits described in Table I was designed to avoid pre-determining the fitted parameters, especially the central frequency f 0 , by the starting value. This was confirmed by the observation that the best-fit value of f 0 from the first fit was spread over a wide range of frequencies, as would be expected from fitting only three cycles of the sine wave, and so the "memory" of the initial value was lost. One liability of this procedure was that the initial fits were sufficiently imprecise that they often "steered" the . f 0 and slope α for this sample are plotted in figure 4 , and the frequency distribution obtained from projecting the scatter plot onto the frequency axis is shown in figure 5 .
The most significant feature of these observations is the tight clustering of the frequency values, over half of them being included in a spread of 0.2 Hz.
The fitted values for the central frequency f 0 of the B call are very close to the value of 16.00 Hz which was used in the matched-filter detection, and as a starting value in the fitting sequence. We carried out a number of tests and cross checks to ensure that the final result was not "steered" in some unintended way by the initial value for the frequency. As one check, we repeated the entire data analysis, using an assumed frequency of 17.00 Hz, rather than 16.00 Hz. This resulted in a somewhat reduced efficiency for detection and for a successful fit, but the conclusions (and the central frequency of 16.0 Hz) were not significantly changed, indicating that the analysis is not pulling the frequencies to a pre-determined value.
As a further check, we carried out an independent analysis of the signals from a strong, clear sequence of 62 calls from October 12, 2001. The calls were located by a visual scan of the spectrograms, recording by hand the time of the center of each call. New computer routines, coded independently in a different high-level language, made no reference to a particular frequency beyond selecting a broad frequency band of 10-30 Hz to isolate the call fundamental. The sequence of fits described above was carried out, but using as starting value for the frequency the observed peak in the signal's power spectrum. The results for the 62 calls were consistent within errors with values from the automated procedure. The narrowness of the frequency distribution of figure 5 is not likely to be the result of selection biases. We have not carried out a detailed study of detection efficiency and false-detection rate, but a narrow distribution can be selected from a broad one only by rejecting most of the calls. Figure 6 shows the distribution of the time between successive calls, with the sharp peak near 129 seconds indicating that most of the calls were part of a sequence. This is quite inconsistent with rejecting most of the calls. Furthermore, the scan of the 62-call sequence of October 12, 2001 showed that the automated detection found 54 of the 62 calls, with the missed calls mainly ones obscured by ship noise. Other researchers have reported frequency values for the blue-whale B call as determined from spectrograms, usually measuring the frequency at the beginning and end of the call.
IV. RESULTS
Some of their results are given in Table 2 , and we have averaged frequency values at the start and end of the call to estimate the central frequency. The methodology of these researchers was not specifically designed, as ours was, to extract a reproducible and The high degree of frequency tuning which we observe could be critical to detection of Doppler-shifted whale calls, as discussed below.
V. DISCUSSION AND INTERPRETATION OF RESULTS
We observe the pitch of the B calls in our sample to be extremely reproducible. At the same time, it is generally agreed that the frequency of the B call has drifted down by as much as two Hertz over the last 40 years (Oleson et al., 2007; Hildebrand et al., 2001) .
Taken together, these two facts imply that the whales are tuning their frequency to an external source. This suggests the following questions.
• How does the whale control the frequency of its call?
• What is the master source to which the whales tune their calls?
• Why do the whales do this?
Little is known about the mechanism of hearing in mysticete whales, and less about the way in which the B call is produced (Au, 2000; Ketten, 2000) . The source to which the whales tune is not known either. However, since sound at 16 Hz travels very long distances in the ocean with only spreading losses (Urick, 1983) , it seems plausible that the combined sound from all blue whales over a large range of the ocean constitutes the frequency reference.
It remains to determine what adaptive advantage blue whales might obtain from calling at a single collectively determined frequency. Continuous patterned calling, or "song," is done only by males in the case of humpback whales (Calembokidis et al., 2002a) and fin whales (Croll et al., 2002) . A limited number of observations indicate that this is also the case for blue whales (Oleson et al., 2007; McDonald et al., 2001) . Furthermore, song consisting of repeated A-B pairs seems to be associated with "fast travel," rather than "milling" or feeding (Oleson et al., 2007) . Blue whales are fast swimmers. Oleson et al. (2007) report fast travel at up to 4.5 m/s; Lagerquist et al. (2000) observed an average speed of 3.9 m/s over four hours; and Mate et al. (1999) observed travel averaging 2.26 m/s over 4.4 days. Thus it seems reasonable to explore the possibilities provided by calling at a precisely defined frequency while moving at 5 m/s, due to the Doppler shift.
The Doppler shift ∆f of sound waves of frequency f, traveling at speed c with respect to the water, due to the motion with velocity v of either the source or the observer, is given
for v small with respect to c (Serway and Jewett, 2004) . At a speed of 5 m/s, with c ≅ 1500 m/s, this shift is about one part in 300. This means that an observer would see a difference in frequency of twice this value, or one part in 150, between approaching and receding from the source, a shift comparable to the frequency width for B calls which we observe. Thus, a female swimming at 5 m/s might be able to locate the direction of a calling male by finding the direction of travel giving the highest observed frequency.
Echolocation has been proposed as a possible function of the blue-whale calls (Clark and Ellison, 2004) . A whale emitting a signal at frequency f while moving towards a stationary reflecting object would detect the echo with a Doppler shift given by
or one part in 150 for v = 5 m/s. This shift might serve to separate the reflected signal from the background of calls from other whales. Detecting a Doppler-shifted signal has the additional advantage of directionality; an object in the direction of travel would give a positive frequency shift, and one in the opposite direction, a negative shift.
VI SUMMARY
We have analyzed the acoustic signals from a sample of about 7000 blue whale calls. We find the B call to be reproducible in frequency, for all calls detected over two and onehalf months, to about one part in 180. Taken with the fact that the call frequency has decreased regularly over the last 40 years, this implies a remarkable degree of social organization. The observed frequency discrimination may be sufficiently accurate to enable detection of the Doppler shift due to the whale's motion, with possible attendant adaptive advantages to the species.
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